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Abstract 
A 3D numerical simulation is presented here to analyze the growth of doped KGd(PO3)4 single crystals.  A 
quasi-steady approximation of the whole growth based on three independent sets of simulations considering three 
different crystal sizes has been made. Under this approximation, the steady axial flow rate shows a double linear 
dependence on the crystal size and on the rotation rate externally applied. In addition, the present calculations 
indicate that the sixteen vanes rotating platinum stirrer used in real growth experiments does not improve the axial 
flow toward the crystal/s, only increases the tangential velocity of the liquid system.. Finally, according to the axial 
flow criterion, it can be concluded that the best situations are obtained using one or two eccentric rotating crystals 
without stirrer.          
Keywords: Nonlinear optical materials, crystal growth, numerical simulation. 
1. Introduction 
Doped KGd(PO3)4 crystals are promising self-frequency doubling materials for the generation of green light [1]. 
The obtaining of transparent and macroscopic defects free single crystals of this kind are, thus, of great interest, for 
instance, in data storage laser technologies. But to attain this objective, different generic steps should be 
unavoidably fulfilled. Because of liquid solutions at high temperature are routinely used in the obtaining of this kind 
of photonic materials, the first step is the determination of the specific crystallization regions. Selected a particular 
composition in the corresponding phase diagram, the second step involves a deep knowledge of the liquid phase at 
high temperature accurately quantifying the different physical properties related with the transfer of momentum, 
heat and mass into it. Finally a specific growth technique should be selected. In the present case, all the above-
mentioned steps have been extensively reported in the literature and the Top Seeded Solution Growth – Slow 
Cooling method has been used [2, 3]. Obviously, this choice roughly configures the main ingredients of the growth 
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process, the furnace characteristics, the crucible location and the seed position. But a final touch is needed to tailor 
the external conditions under which the transport of the growth units toward the crystal interface will be, from the 
point of view of crystalline perfection, the most suitable one. The aim of the present work is thus to accomplish this 
last point, discussing in deep the link between the above-mentioned transport and the conditions which generates it. 
Notice that because of the lack of reliable data, we preferred to avoid mass transport analyses. But, despite of this 
limitation, it is clear that the specific form of the flow field is very important for the control of unwanted 
modifications of the growth habit [4 - 6].  
2. Computational details 
To model the TSSG-SC growth a local point of view has been used here, that is to say, no details about the 
furnace environment have directly been included in the calculations. Thus, focused on the system single crystal - 
self-flux solution at high temperature, 3D steady flow simulations have been carried out considering the liquid phase 
as Newtonian. Liquid thermophysical parameters included in the Boussinesq approach of the corresponding 
transport equations have been considered temperature dependent [3] and these dependences have been included in 
all calculations (see Table 1).  
 Table 1. Thermophysical dependences of the different parameters used
Notice that the dynamic viscosity is very high, so it is particularly important here to improve as much as possible 
the flow rate toward the growing interfaces. In fact, the efficient mixing of high viscous liquids has been and still it 
is a generic not trivial problem in general fluid dynamics [8]. To do so a sixteen vanes rotating platinum stirrer has 
been used in real growth experiments [1] and also introduced in the simulation to analyze in deep its effectiveness. 
Constant velocity rotation ranging between 25 to 150 rpm ensured a range wide enough to cover all possible real 
situations. The rotating stirrer has been considered active from both the dynamical and thermal point of view and the 
thermal dependences used are also presented in Table 1. The diameter of the stirrer is 2 cm and it has been placed 
always below the crystal/s at 1.8 cm below the free surface.  
Crystals, designed using real morphologic data, have been considered totally immersed inside the liquid phase in 
two different geometric positions, centered and eccentric. In the second case one or two crystals, as in the real 
growth experiments [2], have also been considered. In addition, since the time scale of the growth is roughly two or 
three weeks, a quasi-steady approximation of the whole process based on three independent sets of simulations 
considering three different crystal sizes, small, medium and large has been considered reasonable enough for the 
different analyses presented here. Crystals have been defined as active only from a dynamical point of view and 
their morphology has been preserved simply by the use of a multiplicative factor. This means that the crystalline 
habit does not change during the virtual growth, which, obviously, is another simplification of the real process. 
Large crystals are 1.7 cm long, 1 cm width and 1 cm high, but these dimensions are only indicative because the 
monoclinic symmetry of their external morphology (see Fig. 1) [9]. The factors affecting the above-mentioned 
measures are f = 0.2 for the small crystals, f = 0.6 for the medium ones and f = 1 for larger cases. Dynamic boundary 
conditions used for all solid interfaces and walls have been of no-slip type. In the eccentric configuration the 
crystal/s rotates 1.2 cm away from the axis of rotation of the ensemble crystal/s – stirrer always located at the center 
line of the cylindrical crucible. 
Density ȡ(1000 K) = 2341.83 Kg / m3 [3] 
Thermal expansion coefficient ȕT = 3.75·10-4 K-1 [3] 
Viscosity ȝ(T) = 1019.9 – 1.8924 T + 8.83·10-4 T2 Kg / m s [3] 
Specific heat at P = cte CP = 2000 J / Kg K [3] 
Thermal conductivity Ȥ(T) = 7.1951 – 1.94·10-3 T + 2.09·10-5 T2 W / m K [3] 
Pt stirrer density ȡm = 21000 Kg / m3 [7] 
Pt stirrer heat capacity CP. m = 127.05 + 24.9·10-3 T J / Kg K [7] 
Pt stirrer thermal conductivity  Ȥm(T) = 64.9 + 11.5·10-3 T W / m K [7] 
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A polynomial fit obtained from an in situ experimental temperature profile [10] defined the thermal condition in 
the cylindrical crucible wall as T(R,ș, z) = 1020.46 – 1.0095 T + 0.001852 T2 – 9.15 10-4 T3, with R the crucible 
radius, equal to 2.5 cm, ș the azimuthal angle and z the height of the self-flux inside the platinum crucible. The 
temperature T is defined here as Kelvin degrees. The total height of the liquid phase is fixed in 3 cm in all cases. 
The bottom of the cylindrical crucible has simply been considered as adiabatic because the alumina holder used to 
support it in the real experiments.  In addition, we assume a flat free surface and use the measurements of the 
thermal variation of the surface tension to quantify the thermocapillary – Marangoni – convection. The surface 
tension gradient utilized is equal to -7.12 10 - 5 N / m K. 
To numerically solve the present thermo-hydrodynamic problem, the finite volume FLUENT™ package has 
been employed using meshes with typically 150000-180000 tetrahedral elements [7]. As an example, Fig. 1 shows 
some details of the present FLUENT™ model.  
Figure 1. Details of the crystal, the sixteen vanes stirrer and the geometry used in a particular case involving two large rotating 
crystals eccentrically located. The axis of rotation is the center line of the cylindrical crucible and the ensemble stirrer – crystal/s 
rotates simultaneously. 
3. Results and Discussion 
The synthesis of a complex tridimensional situation in only one scalar quantity has always been a very delicate 
subject in crystal growth. But, as usual [4 – 6], our choice has been made only focusing in the vertical transport of 
growth units toward the solid growing interfaces. In this way, the scalar I will be related with the flow of the steady 
axial velocity (absolute value), |w(x,y,z)|, throughout a control horizontal plane 3 defined below the crystal / s, 
parallel to the free surface of the liquid phase and always located 1.3 cm below it. Analytically,  
³  Ȇ dS|z)y,w(x,|2
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X. Ruiz et al. / Physics Procedia 8 (2010) 49–56 51
X. Ruiz /  Physics Procedia 00 (2010) 000–000 
Figure 2. a) Values of  the scalar indicator I as a function of the external  rotational velocity applied to the ensemble large 
crystal/s - stirrer; b) contours of the absolute value of the steady axial velocity |w(x,y,z)| in the control plane Ȇ at 150 rpm. 
Fig. 2 a shows the variation of the scalar I as a function of the rotational velocity for large crystal/s (f = 1). A 
linear dependence between the defined scalar and the rotational velocity is obtained independently on the position, 
number of crystals and presence of the stirrer. The lower values correspond to the centered disposition and it is clear 
that, in this case, the presence of the stirrer does not appreciably improve the weakness of the  axial flow. So, 
according to the present criterion, this is the worst disposition for crystal growth. The change of the rotating crystal 
from the center to an eccentric place improves a lot the values of I but amazingly the action of the stirrer does not 
increase the values of this scalar. In the case of two crystals rotating eccentrically, the values of I also indicates that 
the action of the stirrer does not improve the flow toward the crystals. The stirrer seems to be ineffective also in the 
last two cases. To try to clarify this behavior Fig. 2.b shows, as an example, the contours of absolute value of the 
steady axial velocity distribution in the control plane Ȇ at 150 rpm. Color map in the left side is the same for all 
cases in order to facilitate comparisons. It is clear that for the centered disposition the values of |w(x,y,z)| are very 
low and their magnitude do not change appreciably with or without the stirrer. The situation is very different in the 
Centered crystal, no Eccentric crystal, no Two crystals eccentric,
Centered crystal, Eccentric crystal, Two crystals eccentric,
2 4 6 8 10 12 14 16
0
5
10
15
20
25
I
    ( m
l / s
)
 Rotational velocity  ( rad / s )
         crystal/s   centered     stirrer
      1            yes            no
      1            yes            yes
      1            no              no
      1            no              yes 
      2            no              no
      2            no              yes
a)
b)
52 X. Ruiz et al. / Physics Procedia 8 (2010) 49–56
 X. Ruiz /  Physics Procedia 00 (2010) 000–000  
eccentric case in which two symmetric structures appears. In between of them a small curvature remembers the 
presence of the single crystal in this position but up the control plane. Amazingly, contour values are lower with the 
stirrer. Finally when two crystals rotate, four structures, one in each quadrant, appear. Also small curvatures 
between them remember the presence of both crystals up the control plane. As before, the stirrer diminishes the 
extent of the structures and simultaneously lowers the value of the contours despite that, in this case, the symmetry 
is roughly preserved.  
Fig. 3 shows, as an example, the axial and tangential velocity components in a diametral control line located 
just below the crystal (large case, f = 1), equivalently 10 mm below the free surface at 150 rpm. Blank segments 
correspond to the position of the crystal/s bottom. Radial component is not plotted simply because is not 
quantitatively relevant. As it could be seen the flow is, in all cases, predominantly rotational. In fact, the magnitude 
of the tangential component -in absolute value- is typically much larger –at least, a hundred times- than any other 
flow velocity component. The presence of the stirrer does not significatively alters the shape of the tangential 
component but increase its magnitude –in absolute value- if only one crystal is considered centered or eccentrically 
rotating. In the case of two crystals, the stirrer simply does not modify the rotational characteristics of the flow.  
Figure 3. Axial and tangential velocity components calculated under different conditions.
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Concerning the axial component and taking into account the values in the control line, it is clear enough that the  
rotation of the centered crystal, even with the help of the stirrer, generates a very weak axial flow toward the crystal. 
But, if the rotating crystal is eccentrically located, the axial component appreciably increases and a small change in 
the shape of the velocity profile can also be observed using the stirrer. In the case of two crystals, the values of the 
axial velocity are of the same order of those obtained in the eccentric case and the shape of both profiles, with and 
without the stirrer, is similar. Nevertheless the values obtained without stirrer are amazingly greater than those 
obtained with it. This behavior is coherent with the observations made before in Fig. 2 and another time justifies the 
poor activity of the stirrer in the present conditions. 
Figure 4. Dependence of the scalar as a function of the rotational velocity for the three sizes used in this work. 
In the case of medium or small size crystals the situation is similar, the presence of the stirrer does not 
improve the axial flow towards the growing crystals, but the differences are lower than in the large case. Obviously 
if the size decreases the value of the scalar decreases too, but Fig. 4 clearly indicates that the linear dependence 
against the rotation rate is preserved. In addition, Fig. 4 shows an interesting inset resuming linearly the slope of the 
three straight lines associated with the cases f = 1, 0.6 and 0.2. This means that all along the growth process, since 
the beginning to the end, the flow accomplishes a double linear dependence, first from the size and second from the 
rotation rate externally applied. Despite the plotted results only correspond to the most favorable case in terms of I
considering two crystals rotating eccentrically without stirrer, the conclusions are also valid for the rest of five cases 
analyzed.    
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Figure 5. Growth units pathlines in the case of large crystals (factor f = 1). 
Assuming that the growth units are passive, that is to say neutrally buoyant particles in equilibrium with the 
fluid motion, the use of pathlines will enable to clarify the way in which the above-mentioned growth units travels 
toward the growing interfaces. This is the aim of the final Fig. 5. The three colour lines correspond to three different 
initial positions at different depths but always below the stirrer. The deepest position is linked to the green colour, 
the second with the blue and the third with the red. In addition, all cases have been evolved the same number of 
steps in order to facilitate comparisons. Concerning the first configuration, a rotating centered single crystal, it is 
clear that a very few growth units attains the interface if no stirrer is present. Transport seems to be totally 
dominated by viscosity in these cases. With the stirrer, only the deepest growth units arrives the neighbouring of the 
crystal (green pathline). The other ones after a central moderate rising, falls down immediately in an helicoidal way 
(blue and red pathlines). If the crystal rotates eccentrically the situation changes drastically, the growth units quickly 
rises driven by the suction generated for this rotation and after that surrounds the crystal. The presence of the stirrer 
increases the rotational character of the trajectories but decreases the surrounding tendency observed without it. In 
addition, with the stirrer the deepest growth units arrive before near the growing interfaces. Finally in the two 
eccentric crystals configuration the growth units go up in the central part and fall down describing circles. It is 
interesting to notice that with stirrer the growth units tend to be rejected away the crystals more easily (see blue 
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pathline with and without stirrer). Obviously this is a problem in order to conveniently feed the growing interface 
with a number of growth units. 
Mention finally that mass transfer considerations have been systematically avoided all along the present work 
mainly because the lack of knowledge of the different mass transfer coefficients. In addition, due to the very high 
value expected for the associated Schmidt number, the corresponding boundary layers are also expected to be very 
thin. This unfortunately means that new meshing strategies are needed to correctly capture the solution details inside 
the concentrational boundary layers surrounding the crystal/s. So, at this respect, the present results should only be 
understood as a first step toward a complete consideration of the complete growth problem. 
4. Conclusions 
The present 3D simulation has proved to be idoneous to analyze the growth of doped KGd(PO3)4 single crystals. 
Since the time scale of the growth is very long, a quasi-steady approximation of the whole process based on three 
independent sets of simulations considering three different crystal sizes has successfully been used. Under this 
approximation, the flow of the steady axial velocity (absolute value) throughout a control horizontal plane 
accomplishes a double linear dependence from the size and from the rotation rate externally applied to the crystal/s – 
stirrer arrangement. So, the growth system is inside a linear regime as a consequence of the high value of the 
viscosity of the self-flux solutions used. On the other hand, the present calculations amazingly indicate that the 
sixteen vanes stirrer used in real growth does not improve the axial flow toward the crystal/s, the stirrer only 
increases the azimuthal velocity which is the dominant one in the liquid phase. So, in terms of  I, the best strategies 
are to place two or only one eccentrically rotating crystal/s without stirrer. All these conclusions are also supported 
by the visualizations of the passive growth unit trajectories.
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